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Introduction

Basic research is an important investment in the
future and will help the U.S. maintain and enhance
its economic strength. The Office of Basic Energy
Sciences (BES) basic research activities, carried
out mainly in universities and Department of
Energy (DOE) laboratories, are critical to the
Nation's leadership in science, for training future
scientists, and to fortify the Nation's foundations
for social and economic well-being. Attainment
of the national goals -- energy self-sufficiency,
improved health and quality of life for all,
economic growth, national security -- depends on
both technological research achievements and the
ability to exploit them rapidly. Basic research is
a necessary element for technology development
and economic growth.

This report presents the Department of Energy's
Office of Basic Energy Sciences program. The
BES mission is to develop understanding and to
stimulate innovative thinking needed to fortify
the Department's missions.

The program has two distinct interrelated parts:
research and facilities operations and develop-
ment. In the pursuit of forefront research
results, BES designs, builds and operates certain
large, complex advanced scientific facilities such
as neutron sources and synchrotron radiation
sources. These facilities not only provide BES
with unique instruments, but these instruments
are also made available to all qualified users,
even those not supported by BES. Thus, the

facilities actually leverage a great deal more
research from the national effort.

Research to broaden the technology base
supporting either specific energy options or
generic energy research is extremely impor-
tant. Equally important, however, is the need for
continuing basic research, unconstrained by
preconceived notions of which technologies will
be important several decades from now, so that
new, as yet unidentified, options may emerge. A
comprehensive program of basic energy-related
research and fundamental knowledge-seeking
research in topics of interest to DOE is essential.

The BES program conducts basic research that
will most likely help the Nation's long-term
energy goals. BES implements a broad strategy
for conducting basic research and contributes
strongly towards national energy goals and to
national goals of maintaining and enhancing
scientific leadership, technological innovation,
and economic strength.

The following pages describe the program of the
Department of Energy's Office of Basic Energy
Sciences. The BES subprograms and facilities are
discussed, along with an abbreviated budget
summary and an outline of plans for the future.
Any reports referenced are available from the
National Technical Information Service, U.S.
Department of Commerce, Springfield, Virginia
22161. ,






Overview

Basic research requires long-term commitments
of resources and people with the promise only of
long-term success and long-term return on invest-
ment. Thus, the private sector, dominated by
concerns for high and rapid return on investment
and other short-term considerations, is playing a
lesser role in support of basic research than it
did during the past few decades. As a result,
support of long-range basic research has become
the special responsibility of the Federal
Government.

Within the Department of Energy (DOE), the
mission of the Office of Energy Research (ER) is
to support advanced research aimed at gaining
insights into the behavior of nature. The Office of
Basic Energy Sciences (BES) is responsible for
long-range basic energy-related research. The

BES goal is to provide the scientific underpinning
needed to develop energy options for the future.

The Office of Basic Energy Sciences plans and
administers DOE's programs of basic energy
research. BES is organized primarily along
scientific discipline lines as shown in Figure 1.
This structure helps the basic research
community align themselves with the BES support
units. Nevertheless, topics of interest to DOE
often cross these divisional boundaries.
Examples of such topics include catalysis and
surface science involving both Materials Sciences
and Chemical Sciences subprograms, photo-
synthesis and photochemistry involving both
Chemical Sciences and Energy Biosciences sub-
programs, and mechanical fracture involving both
Materials Sciences and Engineering and
Geosciences subprograms.

Figure 1.
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BES also has an important responsibility to
design, build and operate complex scientific
facilities.  This responsibility flows from the
nature of the program, to carry out forefront

research, and from the talent that exists uniquely
at the DOE laboratories. The BES program, in a
functional sense, thus consists of two parts,
research and facilities, as depicted in Figure 2.

Figure 2.

Basic Energy
Sciences

Research

Characteristics of the BES program are: long-
term generic basic research underpinning the
Nation's technology base and fortifying
foundations for the Department's missions;
support of research at universities and at the
national laboratories which support the
educational objectives of the Department; and
design, construction and operation of complex
scientific facilities for the national user
community. Throughout the Nation, BES supports
about 1,400 research projects, each selected
because of its scientific and technical merit and
its relevance to the Department's research
objectives.

The knowledge gained through BES-sponsored
research becomes an integral part of the body of
information needed for the Nation's technology
base.

DOE's laboratories are national assets that play
an essential role in U.S. science and technology.
Expert scientific and engineering staffs exist at
the laboratories; complex scientific facilities are
operated by the laboratories and are accessible to
academic and industrial researchers; and inter-
disciplinary projects are undertaken at the
laboratories on topics of national importance.
Much of the BES budget that goes to the national
laboratories is to operate complex facilities,
support research dependent on them, and provide
services uniquely available at the laboratories.
The nature of the facilities and the character of

Facilities

BES programs have made BES a major contributor
in the evolving national goal of enhancing our
economic competitiveness through more rapid
exploitation of scientific results for technology
applications.

Many areas of modern science depend on large
and costly facilities to develop information not
otherwise attainable. The unique facilities in the
BES program are made available for use by the
entire scientific community. The operation of
major scientific facilities requires a large
commitment of BES funds. These facilities
include the National Synchrotron Light Source at
Brookhaven National Laboratory; the Stanford
Synchrotron Radiation Laboratory; the
Combustion Research Facility at Sandia-
Livermore; the High Flux Isotope Reactor at Oak
Ridge National Laboratory; the High Flux Beam
Reactor at Brookhaven; the Intense Pulsed
Neutron Source at Argonne National Laboratory;
the Manuel Lujan, Jr. Neutron Scattering Center,
LANSCE, at Los Alamos National Laboratory; and
high-voltage and atomic resolution microscopes.

Most of the scientists involved in BES research
programs are located at universities and national
laboratories. In addition, access to qualified
scientists not directly supported by BES is
provided at the major user facilities. Thus, while
about 25% of BES funding directly supports
university-based research, indirect support for
university research also is significant. Besides



universities and national laboratories, BES
maintains ties with industry. Industrial
scientists serve on the Basic Energy Sciences
Advisory Committee; experts from industry
participate in the review of research proposals
and use the specialized facilities sponsored by
BES; industrial scientists participate in program
advisory committees at the national laboratories;
and industry representatives are invited to
attend BES conferences and workshops. Through
these and other mechanisms, research results
become available to industry in a timely fashion.

The BES program also participates in the
Governmentwide-mandated Small Business
Innovation Research Program which was initiated
in Fiscal Year 1983. A number of BES projects
are being supported at research-oriented, small
business firms. The level of this effort was
1.25% of the BES operating expenses in Fiscal
Year 1990 -- i.e., about $5,400,000.

Interagency information exchanges, committee
interactions, -and workshops provide liaison
between BES and other research groups. For
example, DOE offices and laboratories and such
Federal agencies as the National Science
Foundation, the Nuclear Regulatory Commission,
the U.S. Geological Survey, and the Department of
Agriculture have working groups and committees
that routinely exchange information and
coordinate program activities in areas of common

interest such as chemistry, geophysics,
materials, combustion, and plant sciences
research.  Coordinating committees discuss

individual proposals and compare work being done
by the various agencies to avoid undesirable
overlap and duplication of effort. Outreach
workshops and working groups bring together
investigators in related areas to share
information and discuss related problems in their
work. The results of these interactions normally
are published in the open literature to make them
available to the scientific community worldwide.






Special Topic

Basic Energy Sciences Support
for Research Relevant to More
Efficient Energy Systems

Introduction

The Basic Energy Sciences program is very broad
in scope and difficult to summarize in a single
document. Each issue of the Basic Energy
Sciences Summary Report, therefore, attempts
to focus on only one area of research to provide
the reader with information on the BES approach,
accomplishments, and activity centered around
one theme. This year, the subject selected is
“More Efficlent Energy Systems"”,

In the following examples, the reader can begin to
appreciate the concept of basic research which
leads to more efficient energy utilization. In

some cases, totally unexpected results lead to
advances; in others, there is steady progress
towards an established objective. Long lead
times are required in most cases to actually see
the fruits of basic research in specific
applications. Basic research involves the
replenishment of the storeroom of knowledge.
Without that knowledge and understanding of the
world around us, the drive for advances in
technology would disappear. These examples are
only a few of the many BES research activities
which contribute to more efficient energy
systems.

Intermetallic Alloys for High-Temperature Energy Systems

Ordered intermetallic compounds! based on
aluminides and silicides constitute a unique class
of metallic materials that have promising
physical and mechanical properties for structural
applications at elevated temperatures for energy
generation, conversion, and conservation. Major
interest has focused on the aluminides of nickel,
iron, and titanium due to their resistance to
oxidation, low densities, and high melting points.
The properties which have made these ordered
alloys interesting are high-yield strength and high
modulus, low density, high work-hardening rate,
and low steady-state creep rate. They show
greater strength (deform more slowly) at
elevated temperatures and show less oxidation
than conventional alloys. However, until very
recently, these materials were thought to be
extremely brittle so that they were only used in
structural applications as second phase particles
to strengthen an alloy.  Indeed, their brittleness

had prevented their being fabricated into useful
forms.

Intermetallic compounds have been known since
the early 1900's, but they did not attract much
attention until the 1950's, when work at the GE
Research Laboratory and the University of
Birmingham (England) indicated that they had
interesting mechanical properties.2 Extensive

1C. T. Liu, J. O. Stiegler, and F. H. Froes,
"Ordered Intermetallics," in Metals Handbook,
10 ed. Vol. 2, Properties and Selection:
Nonferrous Alloys and Special Purpose Mater-
ials. ASM Handbook Publ.; 1990. pp. 913-42.

2Robert W. Cahn, "Load-Bearing Ordered
Intermetallic Compounds - A Historical View,"
MRS Bull. 15 [5]: 18; 1991.



studies of ordered intermetallics were carried
out until the late 1960's, when interest waned
due to the severe embrittlement problems. The
most highly ordered intermetallics were found to
be so brittle that they could not be simply
fabricated into structural components, and
fabricated materials were found to have a low
fracture toughness.

In the 1970's, C. T. Liu and his collaborators at
QOak Ridge National Laboratory (ORNL) showed
that macro-additions of iron to the intermetallic
compounds CozV and NizV increased their ductility

by more than 40% due to changing the crystal
structure from hexagonal to cubic. In 1979, Aoki
and Izumi3 showed that micro-additions of boron
dramatically increased the ductility of poly-
crystalline NizAl. By the early 1980's, the ORNL

group, led by Liu, showed that the boron was
segregated at the grain boundaries and
suppressed brittle intergranular
However, the mechanism by which boron
suppressed intergranular fracture was not
understood until very recently. Likewise, the
source of the brittleness in Fez Al and FeAl was

not understood until recently.

In the quest for the explanation of the brittle
behavior of NizAl, FegAl and FeAl, the ORNL group

and other national laboratories and university
research groups supported by the DOE's Basic
Energy Sciences have played key roles. The BES
program has supported both experimental and
theoretical studies which have provided a
fundamental understanding of the causes of low
ductility and brittle fracture in these aluminides.
For instance, a significant advance has been made
in mechanistic understanding of yield strength and
brittle fracture of ordered transition metal
aluminides on the basis of quantum mechanical
total-energy calculations, atomistic simulation
modeling, and anisotropic elasticity theory of
dislocations and cracks.4

NiaAl has excellent strength, is oxidation
resistant at elevated temperatures, and is the
most important strengthening component in nickel-
based superalloys. Single crystal NizAl is ductile
at ambient temperatures, while the purest
polycrystalline NijAl fails by grain-boundary
fracture. The ORNL results not only showed that
small boron additions (~0.1 wit%) eliminated the
brittleness of polycrystalline NijAl but converted

fracture.

the material into a highly malleable form with a
ductility as high as 50% at room temperature.
Most importantly, ductility was sufficient enough
to permit the fabrication of components of these
alloys by standard metallurgical procedures. The
improved ductility was found to be realized only
in alloy compositions containing less than 25 at%
aluminum. Segregation of boron was observed to
be less strong in aluminum-rich alloys. Carbon,
which is similar to boron, does not have a
comparable effect; and iron, chromium,
manganese, or beryllium which enter substitu-
tionally must be added in much larger additions to
effect a small improvement in ductility.

NizAl with boron and improved alloys based on it
have much improved high-temperature strengths
compared to established materials such as
Hastelloy X and 316 stainless steel. These
improved NijAl-based alloys have potential uses
in gas, water, and steam turbines for energy
generation and turbochargers, pistons and valves
for improved automotive performance. ORNL,
through a DOE technology program, has led the
way in developing large-scale processing of
advanced NizAl alloys using standard
metallurgical procedures. This work has yielded
a new class of alloy materials for demanding
structural applications.

The beneficial effect of boron has been explained
by two mechanisms. One mechanism proposes
that B, which segregates at the grain boundaries,
increases the cohesive energy of the grain
boundaries to the extent that stress
concentrations at the grain boundaries are
relioved by slip and not by fracture. The second
mechanism suggests that B enhances dislocation
generation and eases transmission of slip across
grain boundaries. The effect of boron on ductility
is unique.

3K. Acki and O. lzumi, J. Japan Inst. Met. 43:
1190; 1979.

4 M. H. Yoo and C. L. Fu, "Fundamental Aspects of
Deformation and Fracture in High-Temperature
Ordered Intermetaliics,” Iron and Steel Institute
of Japan (ISIJ) International, Special Issue on

Advanced High Temperature [ntermetallics (in



Recently, Lee, Subramanian, Robertson and
Birnbaum$ at the Materials Research Laboratory,
University of Hllinois, in another BES sponsored
project, obtained strong experimental evidence
supporting the mechanism by which B increases
the cohesive energy of grain boundaries so that
stress concentrations are relieved by slip in
grains adjacent to the grain boundary. By using
the chemical analysis techniques available in a
scanning transmission electron microscope, they
were able to rule out the existence of a wide
second phase at grain boundaries and enhanced Ni
concentration in the neighborhood of grain
boundaries. They were able to observe the
interaction between matrix dislocations and grain
boundaries directly by deforming samples in-situ
in a transmission electron microscope, thus
allowing them to observe differences between
alloys with and without boron. They observed
that the grain interiors were ductile and
dislocations piled up at grain boundaries. The
dislocations that had entered the boundary did not
dissociate into grain boundary dislocations or
move along the boundaries as expected if boron
eased the slip transmission process. Instead,
they found that in alloys containing B the stress
concentration at grain boundaries was relieved by
slip transmission into adjacent grains, while in B-
free specimens the stress was relieved by
nucleation and propagation of intergranular
cracks.

Fe;Al and FeAl, while not having the exceptional
strength of NizAl, have corrosion resistance to
many agents. The U.S. Navy attempted to develop
FezAl and ternary alloys based on it in the

1950's, but was forced to give up the effort due
to its brittleness at ambient temperature (see
footnote2). C. T. Liu and his collaborators at ORNL
took up the effort again very recently in a study
of compositions between FeAl and Fez Al, with Mo,
Cr, TiBy, and other additions. Under BES suppon,
they have succeeded in identifying the emburittling
factor in these intermetaliic alloys. They found
that the alioys are intrinsically quite ductile and
that poor ductility results from embrittlement by
a reaction with air.6 The Al in the intermetallics
at surfaces is thought to react with water vapor
to form aluminum oxide (Al;Oj3) and atomic
hydrogen. The atomic hydrogen migrates into the

intermetallics and causes brittle cleavage
fracture at ambient temperatures.

The experimental results were supported by a
theoretical study carried out by C. L. Fu and G. S.
Painter at ORNL.7? Their quantum mechanical
calculations of the bonding characteristics, the
bond and cleavage strength between iron and
aluminum layers, and the surface energies with
and without interstitially absorbed H showed that
FeAl is intrinsically resistant to cleavage
fracture in terms of the high theoretical cleavage
strength. Further, they found that the effect of
hydrogen on the bonding between Fe and Al layers
is dramatic. Hydrogen locally dilates the lattice,
and there is a concentration-dependent decrease
in Fe-Al cleavage strength. These results
suggested that the underlying mechanism of H-
embrittlement in aluminides is a depletion of
bonding charge on the Fe site resulting from an Fe
to H charge transfer.

Alloys involving FeAl and FezAl may find

applications in such energy areas as coal
combustion. The BES supported program at ORNL
has identified the cause for embrittiement of
these alloys. Based on this knowledge, it has
been clear that attainment of ductility requires
the control of surface composition and
properties, and a program for metallurgical
processing of FeAl and FezAl alloys has been

designed. With DOE technology support, Liu and
his group at ORNL have pushed ahead with the
development of these materials. In 1990, C. G.
McKamey, V. K. Sikka and C. T. Liu's development
of ductile iron aluminides was recognized with a
R&D 100 award by R&D Magazine. Industry has

expressed an interest in both the iron and nickel
aluminides and several licenses for
commercialization of processes have been
granted for alloys of the two types of
intermetallic materials.

5T. C. Lee, R. Subramanian, I. M. Robertson and
H. K. Birnbaum, Scr. Metall, 26: 1265-70;
1991,

6C. T. Liy, E. H. Lee, and C. G. McKamey, Scr,
Metall, 23: 875; 1989,

7C. L. Fu and G. S. Painter, "First Principles
Investigation of Hydrogen Embrittlement of

FeAl" J Mater. Res, 6 [4]: 719-23; 1901,
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High-Temperature

Superconductors

When high-temperature ceramic superconductors
burst upon the world scene with their discovery
by Bednorz and Miuller late in 1986, and
subsequent reporls of new ceramic materials
with  superconductivity occurring at
temperatures as high as 125 K (-148 °C), many
applications were immediately anticipated for
their use. Cables that would conduct large
currents with no resistive losses and large-scale
superconducting coils for magnetic energy
storage (SMES) systems were envisioned to
achieve unprecedented energy efficiency.
Ceramic superconductors also offered significant
improvements in the form of superconducting
motors, generators, and transformers;
superconducting magnets in advanced energy-
conversion devices such as tokamaks; high-field
magnets for magnetohydrodynamic and
magnetically levitated transportation systems;
etc. Immediate use of these materials, however,
was frustrated by problems with their
brittleness, difficulties in fabrication, their
reactivity with the environment, low current-
carrying capacity, and the loss of
superconductivity.

Although major scientific and technical problems
with these new superconducting materials greatly
slowed the realization of any significant
application, an understanding of these materials
and the superconducting phenomena occurring in
them has been slowly gained during the past five
years of intensive research. Interest has been
sustained in the belief that these materials will
have potential for many diverse applications. The
National Commission on Superconductivity
recommended a major national effort to develop
and use wire made with high-temperature
superconductors, and the importance of
developing this technology was repeated by the
recent 1990 Annual Report of the National Action
Plan on Superconductivity.

DOE has had a long-standing interest in
superconductivity because of its use in high
energy physics and fusion. Traditionally, DOE has
had the largest Federal program in superconduc-
tivity. Since high-temperature superconductivity

has a significant prospective application in
electric power systems, a broad range of
research was undertaken in 1987 and subsequent
years. This research was directed toward the
fundamental science of high-temperature
superconductivity and the use of high-
temperature superconductors in a variety of
energy-related technologies.

Principal responsibility for fundamental research
programs is located in the Office of Basic Energy
Sciences, while the largest portion of the
technology program is supported through the
Office of Energy Storage and Distribution (OESD).
BES supports major programs at Ames
Laboratory, Argonne National Laboratory (ANL)
and Oak Ridge National Laboratory (ORNL), plus
smaller programs at four other national
laboratories and about 15 universities. The
technology programs are carried out at the
national laboratories and in companies from the
communications, power, manufacturing, and
superconductor industries. The BES-supported
program at ANL is an example of research which
is concerned with fundamental questions of high-
temperature superconductivity yet is closely
related to an OESD program to develop ceramic
superconductors for cables and storage coils.
With efforts to develop cables and storage coils,
it has become abundantly clear that a firm
understanding of the underlying physics and
materials science of these materials is required
in order to make significant progress.

Virtually all energy applications require the
superconducting material to carry large
electrical currents. In the superconducting state,
electrons travel through a material without being
deflected (scattered) by atoms in the material.
However, at defects and grain boundaries in the
superconductor and at regions where magnetic
field lines penetrate through the material, the
crystal structure that enables superconductivity
to occur is interrupted and scattering of the
superconducting electrons takes place giving rise
to resistance losses. The preparation of suitable
practical conductors has posed numerous
problems related to anisotropy effects, grain



boundary imperfection, control of magnetic flux
lattice in the presence of magnetic fields, and
control of second-phase impurities.

The overriding issue here is the control of
microstructure by the control of defects and
impurities.  Although this issue is also of
considerable importance for conventional
superconductors, it has become critical for the
high-temperature superconductors, where
numerous aspects that were not previously
known have become apparent. In the past year,
significant progress has been made to identify
many of the mechanisms which limit the current-
carrying capacity of these materials, and in
preparing materials with improved properties.
The principal problem seems to lie with the
current flow across grain boundaries.

Many of the applications of superconductors
which require large current-carrying capacity
arise from their use in producing large magnetic
fields, in which case the superconductors are
permeated by a lattice of magnetic field lines.
Due to an interaction between the electric current
and the magnetic field, these field lines tend to
move through the material, causing a dissipation
which is equivalent to an electrical resistance and

leads to a rapid reduction in the current. The.

presence of non-superconducting defects and
impurities can pin the magnetic field lines to the
crystalline lattice, which inhibits their motion
and removes the current dissipation. Recent
work has made significant progress in defining
the defects which can produce such an effect and
in preparing materials which carry much higher
currents.

Defects effective in magnetic flux pinning consist
of regions which are non-superconducting. These
defects can be either intrinsic (arising from the
nature of the material itself) or extrinsic (added
to the materials from the outside). The
structures of many high-temperature
superconductors consist of one or more two-
dimensional layers of Cu-O separated from one
another by regions of non-superconducting
material. Careful measurements of the current in
a single crystal of YBayCu3Oy.5 have shown that

these intermediate layers themselves can provide
pinning for the case when the magnetic field lies
in the Cu-O plane. This phenomenon, whereby
even the perfect material provides some of its
own flux pinning, is unknown in conventional
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superconductors. it is well known that even
single crystals of high-temperature superconduc-
tors break up into crystallographic domains which
are oriented at an angle relative to one another,
and are separated by "twin boundaries”. Because

chemical composition changes at these
boundaries, the boundaries are not super-
conducting, and measurements have now

demonstrated that they may provide pinning
sites.

Extrinsic defects may be added to the material in
a variety of ways, one of the most interesting
being by radiation damage. It has now been
demonstrated that bombarding these materials
with various radiations, including neutrons,
protons, and various ions, can produce very
small defects which alter the microstructure in
such a way that the current-carrying capabilities
are enhanced without destroying the super-
conducting properties. On a large scale, control
of the synthesis of the material can result in
very small, highly dispersed precipitates of non-
superconducting material which pin the flux.
These results demonstrate that the
microstructure may be manipulated to produce
the best material in a variety of ways.

In polycrystalline materials, the current carrying
properties of the high-temperature superconduc-
tors are primarily dominated by the grain
boundaries between different crystallites. As
with the twin boundaries discussed above, the
grain boundaries are non-superconducting.
However, the grain boundaries may actually
interfere with the transport of current between
crystallites, unless the crystallites are
accurately aligned with one another. This has
been greatly clarified by recent high-resoiution
electron microscopy on YBapCuzOs.5 which has
shown that misaligned grains result in numerous
areas along the boundary, "dislocation cores,"
formed to accommodate the alignment mismatch,
with the number of cores depending on the degree
of mismaich. These dislocation cores appear to
be Cu-rich and non-supserconducting. At
sufficiently low density, they may act as pinning
centers in the manner described above, but when
there are so many of them that they overlap one
another, they effectively form a barrier which
inhibits the transport of current. The most
effective way found to deal with this problem is
to process the bulk material so that the grains
are aligned. One approach has been to subject
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polycrystalline material to zone refined, partial
melting procedures. This has been demonstrated
at several institutions, but Argonne has done
extensive work to optimize the thermal
parameters and has also shown that the addition
of small amounts of Ag can enhance the final
purity of the material. In this way, textured
products have been formed which possess a
uniform grain-aligned microstructure over their
50 mm length. While this process is currently

too slow to be commercially useful, it has
demonstrated that wuniform high-current
materials can be produced.

Although substantial work remains before one

obtains mass-produced, high-quality bulk
conductors, the recent progress has been
remarkable. There are grounds for optimism

concerning the future of high current-carrying
superconducting ceramics.

Catalysts for Methane Conversion

Workers at the Argonne National Laboratory
(ANL) are seeking to exploit a series of
discoveries, made in the course of BES-sponsored
materials research, that could pave the way for
more efficient and effective utilization of natural
gas in the production of fuels and industrial
chemicals. Methane, the principal ingredient in
all natural gas deposits, can be converted to more
useful, higher molecular weight hydrocarbons in
the laboratory, but only with great difficulty.
The principal approach to methane conversion
that is under study worldwide involves the use of

catalysts composed of selected metal oxides,
mixed metal oxides, or doped metal oxides.
Conversion schemes based on this approach
require temperatures in excess of 600°C and the
presence of oxygen in some form to sustain the
reaction. The high-temperature constraint
reduces overall process efficiency and makes it
necessary to use exotic construction materials,
while the oxygen promotes side reactions that
cause an undesirable oxidation of methane and
hydrocarbon products to CO and CO,.

Figure 3.
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The technique under investigation at ANL utilizes
a family of microporous materials called
molecular sieves (Figure 3) that contain buiit-in
metal ions with novel catalytic properties. A
number of highly reactive metal ion centers
have been incorporated into synthetic molecular
sieves, some substituted at framework metal
atom positions and others synthesized in the form
of clusters within the pores and cages of the
sieve structure. Several different constituent
compounds in this latter configuration have
exhibited the capacity to attack the C-H bonds of
methane catalytically at temperatures as low as
400°C and without the need for oxygen. The
successful development of an industrial process
based on this type of molecular sieve catalyst
could have profound implications for the
petroleum and petrochemical industries.

The goal of the ANL research project is to
synthesize a catalyst that both activates the C-H
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bonds of methane and controls the size of the
product molecules. The C-H bond activation is
accomplished when the methane molecules come
in contact with the special metal ion centers
incorporated in the molecular sieve, while the
size selectivity is achieved because of the
microporous nature of the sieve structure.
Current emphasis is on catalyst systems capable
of converting methane to low molecular weight
hydrocarbons, such as ethane and ethylene at
temperatures as low as 400°C. These products
could subsequently be converted to liquid fuels
and chemical feedstocks by conventional
industrial synthesis methods. If this project is
successful, the process of patenting the inventive
aspects will be completed and one or more
industrial partners will be sought for further
collaborative development work leading to pilot
scale testing and demonstration.

Geochemistry in

Oil Exploration

A key element in the development of more
efficient energy systems is full exploitation of
the Nation's energy resources. The National
Energy Strategy emphasizes the efficient and
environmentally acceptable use of oil and gas
resources for the near-term. The United States
has been producing oil and gas since the mid-
1800's, making it the most experienced nation in
the world regarding oil and gas production. The
extensive oil exploration activities of the past,
however, make it unlikely that large new fields
comparable to those in the Middle East will be
found in the U.S. This limitation places a great
deal of emphasis on developing technology for
efficient exploration and utilization of
hydrocarbon resources that we have on hand and
those likely to be discovered. Efficient
utilization, in turn, requires a fundamental
understanding of origin, migration, and
accumulation, leading to better ways of finding
new reserves and of producing, by conventional
means, the remaining two-thirds of oil-in-place.

Because of the enormous cost necessary to
discover, develop, and produce oil and gas from

sedimentary basins, oil companies attempt to
improve their drilling successes by learning as
much as possible about the structure of
subsurface rock formations and their oil-bearing
potential prior to drilling. In combination with
methods to evaluate the thermal history of
sedimentary basins, geochemical data can be used
to determine the timing of hydrocarbon
generation and the generative capacity of any
source rocks present. Geochemists at Lawrence
Livermore National Laboratory (LLNL) have
developed improved chemical kinetic modeis of oil
generation, cracking to gas, and expulsion from
the source rock. These models are now widely
used in the oil industry.

Oil is derived primarily from the lipid fraction of
phytoplankton and zooplankton, the microscopic
organisms floating in the upper layer of lakes and
oceans. The remains of these organisms,
together with those of bacteria that process the
debris after it falls to the bottom, are eventually
buried in the oxygen-free sediments accumulating
in an ocean or lake. This organic matter,
consisting of solid cellular debris and dissolved
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compounds, coalesces through chemical and
biochemical reactions occurring in the upper
portion of the sediment column into a highly
insoluble substance of complex molecular
structure called kerogen.

Continued burial through accumulation of
additional sedimentary layers subjects the
kerogen and the enclosing sediment, now rock, to
higher temperatures and pressures. Under these
conditions, portions of the kerogen structure
break off to form free hydrocarbons. Initially,
the compounds include a significant component of
higher molecular weight hydrocarbons that are
only slightly modified from their original
biochemical precursors. Further heating of the
kerogen and these initial products to higher
temperatures produces smaller and smaller
hydrocarbons and a more carbon-rich kerogen.
The ultimate products of this molecular cracking
process, if allowed to continue to completion in a
closed system, are methane and graphite. Some
of the larger molecular weight hydrocarbons may
leak out of the source rock into shallower
formations before they can be cracked to gas. If
sufficient quantities of these larger hydrocarbons
migrate from the source rock, they may
eventually be trapped by an impermeable seal,
and an oil reservoir begins to form.

Our understanding of the oil generation process
has been acquired through a combination of
detailed geological and geochemical studies of oil
and gas bearing sedimentary basins and
laboratory experiments intended to duplicate
natural hydrocarbon generation in the laboratory.
The conversion of kerogen to oil and gas is a
chemical reaction, the rate of which depends on
temperature. Reactions that require millions of
years in nature at about 100°C take only hours or
days in the laboratory when the experiments are
accelerated at temperatures of 250-3500C.
Retorting of oil shales at high temperatures to
obtain commercial quantities of oil is simply a
variation of the geochemists' laboratory
experiments carried out on a grander scale.

The most sophisticated petroleum generation
models now in use were developed by a team of
geoscientists at LLNL. These models grew out of
the Oil Shale Project funded through the DOE-
Morgantown Project Office. The LLNL team, led
by Alan Burnham and including Robert Braun and
Jerry Sweeney, realized in the early 1980's that

the chemical kinetic models that they had
developed for oil shale pyrolysis had advantages
over those then in use for oil exploration. The
team measured rates of oil generation from a
variety of source rocks and adapted their oil
shale pyrolysis codes to models of hydrocarbon
generation in sedimentary basins. They wrote
the computer code KINETICS to analyze data from
laboratory experiments and to derive the
parameters necessary for predicting the timing
and quantity of oil generation. KINETICS is
designed to be user-friendly for non-experts and
to run on personal computers.

Congress has mandated that the national
laboratories should actively seek technology
transfer arrangements with U.S. companies to
enable them to benefit from Government-
sponsored research. With DOE's agreement, the
University of California obtained a copywrite on
KINETICS and licensed it for commercial
distribution to two companies in 1987 and 1988.
The software has since been acquired by 16 oil
companies, three universities, and two
Government laboratories. These sales, which
greatly increased the project's visibility within
industry, led to the formation in 1988 of an
Industrial Sponsorship Program.  For their
successful technology-transfer efforts in
petroleum geochemistry, the LLNL. group received
a Federal Laboratory Consortium 1990 Award for
Excellence in Technology Transfer.

With encouragement from the industrial sponsors,
the geochemists adapted another code, PYROL,
also written for the oil-shale retorting project,
for use in oil exploration. Because PYROL is too
complicated and not user-friendly, the group
developed another code, PMOD, that is easier to
use and offers greater flexibility. Both codes are
used to calculate the volumes of oil and gas

"~ generated at all stages of burial and the

efficiency of petroleum expulsion under various
organic carbon contents and burial rates. Users
can specify these variables based on independent
assessment, or they can assume different values
to obtain a range of possible outcomes. Further
refinements in the code will deal with the role of
pressure and chemical type in oil cracking.

This project is an excellent example of the
sometimes very close relationship between basic
and applied research. Laboratory experiments
provide fundamental data that is incorporated into



a code describing the reactions in the chemical
system under investigation.

The codes are then adapted to simulate conditions
in nature. Industrial code users provide feedback
to the research team based on their experiences

15

researchers then improve their code based on
further experimentation and modeling. In addition
to BES support, the LLNL group also has funding
from DOE's technology divisions and industry
sponsors. The BES funding continues to support
the basic laboratory experimentation underlying

in applying the code to oil exploration. The the code development. :
More Efficient Imaging of the Earth's Crust
Until fairly recently, the three-dimensional In contrast to images produced by medical

nature of the earth's interior was revealed for
only the shallowest portions of the earth's crust
by the processes of natural erosion and by man-
made excavations and drillholes. The need for
infor-mation about the third dimension has grown
enormously as man has tried to understand and
control his immediate environment, including his
search for natural resources. Since the
development of practical seismic reflection tools
for oil exploration in the 1930's, the need for
direct access, via drill holes, for subsurface
information has been progressively and
substantially replaced by geophysical imaging
techniques geotomography. These techniques are
based on measuring the velocity, attenuation,
phase shift, and scattering of seismic-acoustic
and electromagnetic (EM) waves as they pass
through the earth between a set of energy source
points and another set of receiver points.
Sources and receivers may be at the surface,
underground, or in any combination of surface and
underground locations.

EM techniques are primarily sensitive to spatial
variations in the amount and temperature of
conductive fluids in rock voids and to the
concentration of certain types of conductive
minerals. In reservoir or fluid flow problems,
for example, EM can be used to infer the type of
fluid present (oil vs. brine) and to indicate zones
of different saturation, porosity or fracture
density. Because of the higher resolving power
of seismic techniques, seismic tomography tends
to be better for resolving lithologic
discontinuities, but seismic tomograms also
reveal information about fluids present (viscosity
and saturation) and something about rock
properties (porosity/fracturing).

tomography, the first geotomographic images
obtained between boreholes gave rather crude and
imprecise parameterizations of geologic
conditions. A part of the difficulty with early
geotomograms arose because of the lack of good
sources and receivers. Also, the algebraic
reconstruction techniques assumed waves
propagating along straight raypaths. Processing
algorithms had to be developed for more
complicated geologic conditions, more powerful
subsurface sources had to be developed for
adequate signal levels between wells, and better
rock physics information had to be obtained
before geotomography could be properly applied
to real-earth problems.
Electromagnetic Imaging

The Geosciences program in BES is one of the
most active research programs in electro-
magnetic geotomography. The initial impetus
came from a need to develop more accurate and
deeper-probing surface methods for mapping the
three-dimensional electrical conductivity
distributions around young volcanic complexes
such as Long Valley Caldera, California, and the
Valles Caldera, New Mexico, which were sites of
scientific drilling under the U.S. Continental
Scientific Drilling Program (CSDP). Out of these
studies came improved instrumentation, data
collection methodologies, and data interpretation
algorithms for both the magnetotelluric (MT), a
natural field method, and controlled-source field
methods.

In controlled-source research, Morrison, et al.,
at Lawrence Berkeley Laboratory (LBL), have
looked at the viability of utilizing ultra-large
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sources to achieve better signal strengths. This
work showed that while controlled-source
methods have inherently better resolution than
MT, and will have an important role in shallow
imaging, improvements in technology make MT a
better means for imaging at depths over 1 km.

Because MT relies solely on natural broadband,
ultralow-frequency, electromagnetic energy
supplied through the dynamic interaction between
the solar wind and the earth's main magnetic
field, signal strength cannot be controlled. The
observed magnetic and electric fields consist of a
spatially coherent signal and a sometimes larger
incoherent noise due to cultural and natural
sources; signal and noise exhibit complex
fluctuations.  Moreover, near-surface conduc-
tivity heterogeneities (geologic noise) cause
severe distortions in the local electric field
components of the data.

Researchers at LBL have developed linear
filtering algorithms to remove the effects of near-
surface geologic noise, and researchers at Oregon
State University have developed improved
algorithms for recognizing and deleting noisy data
segments in each frequency band. In
complementary studies, researchers at Los
Alamos National Laboratory (LANL) and the
University of Washington have been developing
faster and more robust methods. for inverting
large MT data sets. As a result of this work, MT
practitioners are far better able to obtain high
quality data and useful subsurface conductivity
images than in the past.

For a number of practical reservoir and
contaminant plume problems, it is important to
detect and monitor the changes in subsurface
resistivity with a high level of resolution by
means of borehole sources and receivers.
Researchers at LLNL have been developing a
technique, called electric resistivity tomography
or ERT, in which the earth is imaged using dc
current electrode sources in boreholes. This
technique has already been applied to leak
detection at a surface pond.

Seismic Tomography

An early accomplishment of the Geosciences
program in this area was the development of the

Sandia Downhole Seismic Source, a resonant
swept-frequency vertical dipole source that
produces mainly vertically polarized shear waves
that propagate in the horizontal direction. As an
important new tool for crosswell seismic
tomography, it was first deployed for scientific
projects in 1981. Since then, the tool has been
used on a number of applied technology projects,
and has been substantially improved with the
result that the current tool has a larger moment,
higher frequency capability and lighter weight. It
has been turned over to Bolt Technologies, Inc.,
for commercial applications.

The ability to turn the raw seismic data into
useful images of the earth between borsholes (a
process referred to as inversion) has been a
continuing challenge because of the hetergeneous
nature of the earth. James Berryman, LLNL, has
developed a novel computational approach for
traveltime tomography reconstructions that
makes no g priori assumptions about the raypath
taken by the first arriving seismic signal between
any source and receiver location. Using
feasibility constraints based on Fermat's
principle that states the path must be the one of
least traveltime, he models both the raypaths and
the spatial distribution of velocities.

Whether for crosshole or conventional surface
seismic exploration, it is necessary that one be
able to compute synthetic seismograms. These
are representations of the wavefields at any
point due to sources in an arbitrarily complex
earth. In this regard, computationally efficient
and accurate ray-tracing algorithms have been
developed at the Center for Wave Phenomena
(Colorado School of Mines) which are well-suited
to problems of high-resolution imaging of
topologically complex geologic structures such as
salt diapirs and recumbent folds. Dave Hale and
Jack Cohen have developed software that
converts any two-dimensional model into a mesh
of triangular elements. This type of mesh has a
number of appealing features important to the
problem of ray tracing, such as great flexibility
in handling velocity variations within or between
triangles and the capability for extending the
process to three dimensions.
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Emulsion Phase Contractor:

Efficiency in Separations

Methods to separate two dissimilar chemical
species are used extensively in both analytical
and production processes, and the sefficiency of a
separation process is often a major factor in
determining the cost of a manufactured product.
The extraction of one liquid from another
requires methods which optimize contact between
the two liquid phases. The normal means of
achieving significant contact uses pumps and
impellers to drive the two phases together in an
appropriate vessel and relies on the resulting
turbulence for adequate mixing of the liquids.

An entirely original approach to this problem was
developed at Oak Ridge National Laboratory,-
patented, and recently licensed for commercial
development. In this new approach, water
containing the chemicals to be separated flows
through a nozzle between two electrodes. Upon
application of a pulsed electric field to the

electrodes, the water is dispersed into extremely
small droplets, thus increasing the surface area
of contact between the dispersed and liquid
phases. Tests with laboratory-scale versions of
this so-called Emulsion Phase Contactor prove it
to be at least a factor of 10 more effective than
the industry standard, while requiring a factor of
100 less energy for its operation. Licenses have
been granted to Analytical BioChemistry
Laboratories of Columbia, Missouri, to exploit the
method in analytical equipment and to the National
Tank Company of Tulsa, Oklahoma, to develop
large-scale extraction equipment for application
in processing systems for the metals and
petroleum industries. The concept evolved from
basic research supported by the Division of
Chemical Sciences and was subsequently
developed under funding from the Division of
Advanced Energy Products, both in the Office of
Basic Energy Sciences.

TRUEX and SREX:

Efficiency for Waste Isolation

Other research in separation science has had
significant indirect impact on energy efficiency.

The work of Dr. E. Phillip Horwitz, a research
chemist at Argonne National Laboratory, has
resuited in new, vastly more efficient approaches
to the processing of spent fuels from nuclear
reactors. An organic molecule known as CMPO,
designed and synthesized by Dr. Horwitz and his
group, exhibits the highest alffinity for
transuranic elements, or TRU, of any known
organic compound. It is now commercially
available in industrial quantities from Atochem
North America, Philadelphia, Pennsylvania.
TRUEX, an industrial scale process to remove
TRU from nuclear wastes based on the CMPO
molecule, is now in the engineering design phase
at the DOE Hanford site in Washington State.
Because of the greater affinity for actinides

exhibited by the CMPO molecule, the volume of
radioactive waste which must be immobilized and
placed in deep isolation can be reduced by more
than a factor of 100 below that projected on the
basis of previous extraction technology. The
increased efficiency of the TRUEX process will
significantly reduce the cost of waste remedia-
tion for both civilian and nuclear wastes.
Dr. Horwitz received the Department of Energy
Distinguished Associate Award in 1990 for the
research leading to the development of the TRUEX
process.

More recently, the Argonne group adapted a
commercially available crown ether for use in a
process, known as SREX, to remove strontium
from nuclear waste. This advance will further
reduce the volume of material requiring deep
isolation.
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Combustion

The goal of high-efficiency utilization of fuels in
combustion processes is often at odds with
another important goal: minimized production of
pollutants. The conditions required for high
efficiency, such as high burning temperature,
typically elevate the levels of species such as
nitrogen oxides (NOx) in exhausts above what
they are for lower-efficiency combustion
processes. Only by understanding the detailed
reactions through which NOx is produced and
destroyed can scientists and engineers design
engines and other combustors that preserve
efficiency while minimizing pollution. The
Division of Chemical Sciences in BES supports
fundamental research in the chemical kinetics of
combustion processes and emphasizes
understanding the reactions that lead to the
production and destruction of NOx and soot, two
of the major unwanted by-products of

combustion. An illustrative example of how
BES-supported work is leading to practical
advances is the development of a process for
removing NOx from combustion exhausts. A BES
researcher investigating elementary chemical
reactions important to the combustion chemistry
of nitrogen realized that his work had
implications for NOx removal. He -redirected his
research to study a process that has become
known as RAPRENOX, for the RAPid REduction of
NOx. Applied research supported by what is now
DOE's Conservation and Renewable Energy Branch
followed and showed the practical promise of the
process. The scientist who conceived RAPRENOX,
Robert A. Perry, became so interested in the
practical implications of his work that he formed
TECHNOR, a company that is now testing its
application to a variety of devices, including
commercial diesel engines.

Catalysis

The presence of a catalyst allows a process to be
carried out at a lower temperature than would be
possible in its absence, thereby increasing the
energy efficiency of the process. The industrial
importance of catalytic processes is reflected in
the fact that fully 17% of the GNP depends on
catalysis. Increased understanding of catalytic
processes gained from BES-supported research
has reduced the heat required to convert
naturally occurring alkanes into more useful fuels
and chemicals. The simplest and most abundant
alkane, methane, is an exceptionally unreactive
molecule, but is a readily available natural
resource. In order to make this abundant
resource useful for chemical processes it must be
converted to a more reactive form. Because of
its innate stability, heat must be supplied to
achieve practical conversion rates. Five years
ago the temperature required was in excess of
1000K. Recent research at both Texas A&M and

Lawrence Berkeley Laboratory has produced
composite surfaces that enable the conversion
process to occur at temperatures below 850K.

That the unexpected is often the most useful
product of basic research is illustrated by related
work at Yale University. While studying a
particular catalytic reaction, the investigator
added mercury as a standard test for
precipitation of the catalyst under study. A
totally unexpected, but desirable, reaction was
observed. It was subsequently determined that
the unexpected reaction was itself catalyzed
by mercury. This work led to the development
of the MERCAT process, a new approach to the
conversion of alkanes to more valuable chemicals
and fuels. The MERCAT process is conducted at
temperatures only slightly above ambient and will
lead to significant energy savings.
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Photochemical Conversions
Research in solar photochemical energy  National Laboratory demonstrated the first
conversion seeks more direct routes to the use of  simultaneous photoevolution of molecular

the vast untapped energy available in the form of
sunlight to produce electricity and to convert raw
materials, such as water and carbon dioxide, into
high-energy fuels. Significant advances of the
last decades in understanding natural
photosynthesis and in controlling electron
transfer processes are providing insight into
design of artificial photosynthetic systems. This
work recently produced the first synthetic
molecules which duplicate in large measure the
properties of natural photosynthetic systems.
The BES program supports fundamental research
on a myriad of credible pathways to efficient
photochemical conversion ranging from molecular
organic and organometallic photoredox systems
to heterogeneous photocatalytic arrays and
semiconductor/liquid junctions. By the next few
decades, several of these may reach the
developmental stages and begin to impact future
global energy production.

Work supported by Basic Energy Sciences in the
Chemical Technology Division in Oak Ridge

hydrogen and oxygen in a synthetic mixture
comprised of isolated natural chloroplasts,
ferredoxin, and hydrogenase. Msethods were
developed to deposit platinum directly on
chloroplasts, thus forming a composite material
to which electrical contact could be made. It was
subsequently shown that a two-component
system comprised of these platinized chloroplasts
could perform the same water splitting reaction.
These results are significant because they
demonstrate an unambiguous thermodynamically
uphill reaction in which hydrogen is the energy-
rich photoproduct rather than the carbon dioxide
fixation compounds of normal photosynthesis.
Information produced by this work may lead to
efficient methods to use photochemistry for
renewable production of fuels and chemicals.
Current research at Oak Ridge National
Laboratory is focused on understanding the
photobiocatalytic and molecular bioelectronic
properties of the new composite material.

Membrane

Science

Synthetic membrane processes are substantially
more efficient than many other separation
processes because the energy needed to induce
phase changes is not required. For example, the
membrane process used for generation of potable
water from sea water, known as reverse
osmosis, requires about 30% less energy than
conventional distillation. A major impediment to
further improvement in the efficiency of
membrane process is membrane fouling. In the
case of reverse osmosis, membrane efficacy
deteriorates with time because protein molecules

adhere to the membrane surface and reduce the
offective pore size. Fundamental research to
determine the nature of the interaction betwesen
membrane materials and protein molecules is
supported by the Division of Chemical Sciences at
Rensselaer Polytechnic Institute. Increased
understanding of the origin of this interaction
may lead to definition of the chemical properties
of the membrane surface which will minimize
protein fouling. Significant further energy
savings could be achieved.
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Nanophase Materials

The assembly of matter by the condensation of
gas-condensed atomic clusters is probably as old
as the universe itself, since this is thought to be
the way in which matter condensed after the "big
bang,” yet the successful application of this
approach to form ultrafine-grained materials is a
very recent development. A major part of this
development occurred in a BES-supported
program at Argonne National Laboratory with the
work of Richard Siegel and his collaborators.8
Investigations of the formation of ultrafine
particles or atomic clusters by condensation from
a gas was undertaken by a few laboratories in
Japan and Europe in the 1960's and 1970's, and
the formation of ultrafine-grained materials was
suggested by Professor H. Gleiter in 1981. The
Argonne effort has entailed the synthesis of
metal and ceramic powders, the compaction and
densification of the powders into solid bodies, and
investigations of material properties. In a short
period of 5 years, the Argonne work has been
carried to the point where a small commercial
firm has been "spun off* to carry out commercial
development and production of ultrafine-grained
materials.®

Nanophase materials are ultrafine-grained
materials in which the grains are in the size
range of a few nanometers (nm) up to 100 nm,
where one nanometer is 1 billionth of a meter.
Nanophase materials may consist of grains of
more than one type (i.e., phase) of compound or
crystal structure, hence these materials are
generally referred to as "nanophase”. Since the
grains are submicroscopic in size, many of the
atoms in a grain lie at or near the surface of a
grain. A nanophase material with a 5 nm average
grain size will have from 30 to 50% of its atoms
associated with grain boundaries. Consequently,
the properties of nanophase materials are
expected to be governed largely by the properties
of the grain boundaries and confined grain
dimensions.

Although the grains in nanophase material are so
small and the atoms in a grain lie close to grain
boundaries, the interior of the grains tend to
show a high degree of crystalline perfection.

Grains also tend to be equiaxed in shape.
Examination of ultrafine-grained palladium (Pd)
and rutile (TiOp) at ANL showed that grain
boundaries resemble grain boundaries in coarser
grained materials in that they tend to be flat,
with some faceting and to have short-range
ordered structure resembling that of the bulk
material. These materials, surprisingly, showed
very little grain growth when heated. For
example, rutile did not show appreciable grain
growth until heated above 800 °C.

Nanophase materials differ from conventional
materials in having some properties that are
different and often considerably improved. The
ANL group showed that TiO, could be sintered
under ambient pressure at temperatures 400 to
600 °C lower than that for conventional material,
while maintaining grain size and shape. Material
densified under pressure to full density had a
greater microhardness than conventional
material. Nanophase rutile could be plastically
deformed to such a degree that is was possible to
form it to near-net shape. Nanophase palladium
showed greatly increased strength, with a yield
stress of 249 MPa (megaPascals) as compared to
a yield stress of 52 MPa for conventional
material.

Some unique advantages of the assembly of
nanophase materials from gas-condensed
clusters, and the nanophase processing method
based on this, are as follows:

(1) The ultrafine sizes of the atom clusters and
their surface cleanliness allow conventional
restrictions of phase equilibria and kinstics
to be overcome during material synthesis
and processing by the combination of short
diffusion distances, high driving forces, and
uncontaminated surfaces and interfaces.

8 R. W. Siegel, "Nanophase Materials Assembled
from Atomic Clusters,” MRS Bull, 15 [10]: 60-
67; 1990.

9 Press release, Argonne National Laboratory.



(2) The large fraction of atoms residing in the
grain boundaries and interfaces of these
materials allow the interface atomic
arrangements to constitute significant
volume fractions of materials and, thus,
novel materials properties may resuit.

(3) The reduced size scale and large surface-to-
volume ratios of the individual nanophase
grains can be predetermined and can alter
and enhance a variety of physical and
chemical properties.

(4) A wide range of materials can be produced in
this manner including metals and alloys,
intermetallic compounds, oxide and nonoxide
ceramics, and semiconductors. It is also
apparent that nanophases can be formed with
crystalline, quasicrystalline, or amorphous
structures.

The introduction of advanced materials obtained
under novel synthesis and processing conditions
can lead to increased efficiency in a wide range of
applications. The National Energy Strategy notes
that an enhanced research and development effort
is expected to accelerate the development of
riew, efficient fuel-diverse automobile
technologies, and includes the development of
automotive gas turbines, high-temperature
ceramic materials, and friction-reducing
technologies as key areas requiring development.
Replacing traditional materials with advanced
material systems offers many advantages. For
example, higher operating temperatures in
engines and the use of lighter weight, stronger
materials lead to improved fuel efficiency. Such
needs can only be met by advanced materials
including ceramics, intermetallics and
composites.

According to a recent survey by the U.S. Bureau
of Mines, advanced structural materials will
require higher strength-to-density ratios,
greater strength and toughness, and superior
thermal properties as compared to "traditional”
materials. Due to their high-temperature
mechanical properties and relative light-weight,
ceramics and ceramic composites are among the
most promising materials for many applications.
Poor fracture toughness and fatigue/creep
properties, lack of processing reliability, and
high cost are major impediments for the
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commercial application of these materials.
Solution of these problems will require advanced
techniques for processing ceramic materials, as
well as the development of new synthesis
techniques for materials with enhanced physical
properties.

The synthesis of nanometer-size atom clusters of
metals and ceramics by means of atom-cluster
condensation in a gas, followed by the in situ
consolidation of clusters under high-vacuum
conditions, has resulted in the past few years in a
new class of ultrafine-grained interface
materials. These nanophase materials, with
average grain sizes that presently range from
100 nm down to about 5 nm, offer considerably
improved properties for advanced technologies.
The gas-condensation method for the synthesis of
nanophase materials appears to have great
flexibility and control for engineering new forms
of bulk nanostructured materials.

Current research has indicated that considerable
enhancement of desirable properties is obtained
by virtue of the small grain size and large grain
boundary area. These properties will enhance the
ability to manufacture components and will
reduce energy requirements and production costs.
Ultrafine-grained ceramics with increased
toughness and strain rate sensitivity can be
formed rapidly to near net shape and machined
without breaking. Increased diffusion rates,
resulting in increased densification rates, make
possible greatly reduced sintering temperatures
for the formation of bulk materials. Increased
diffusion rates also make possible the
incorporation of other components (dopants) into
the material to control properties or to form
special electronic materials.

The rapidly developing opportunities for
synthesizing nanophase materials via the
assembly of atom clusters are just beginning to
make an impact on materials science and
technology. However, based upon the limited but
growing knowledge that has already been
accumulated, the future appears to hold great
promise for these new materials. The ability to
produce via cluster assembly metals with
increased yield strength and fully dense ultrafine-
grained nanophase ceramics that are rapidly
formable can have a significant technological
impact in a wide variety of applications. Much is
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still not understood about this new class of
materials in which properties are largely
controlled by the grain boundaries, but it appears

clear from the outset that they offer much in the
way of improved materials, improved ease of

manufacture and reduced energy cost.

Eliminating Weld Failure in Energy Generating Systems

Boiler tube weld failures are the primary cause
of central power station boiler-forced outages.10
Forced outages are often long and expensive due
to needed repairs and lost power production.
Failure of one tube supplying steam to a 500 MW
unit, assuming 72 hours to repair, can cost a
utility as much as $700,000 in fuei transfer
costs alone. [f improved welds made coal-fired
plants available for service 1% more of the time,
the power industry would save $1.2 billion over a
5.year period (see footnote! on page 5). Welded
joints that are reproducible and reliable with long
service lives are crucial to reducing the number
of failures and thereby to improving the overall
performance of power plants.

To a large extent, the integrity and performance
of welded structures depend on the micro-
structure-property relationships within the weld.
Unfortunately, many of the basic principles
relating weld performance and properties to
welding processes and to the weld microstructure
are not well understood. The needed welding
science is a complex field that must encompass a
wide spectrum of fundamental physical and
applied sciences.

DOE's Basic Energy Sciences Welding Science .

Program is the only major, long-term basic
welding research program in the United States.
The program endeavors to provide the necessary
thrust and leadership to advance welding science
and technology. The BES Welding Science
Program, through Oak Ridge National Laboratory
(ORNL) and several collaboratory university
projects, addresses a wide range of topics
related to the basic understanding of the evolution
and stability of weld microstructures, the
properties of weldments (i.e., the unit formed by
welding together two pieces of metal), heat and
fluid flow, mass transfer, welding processes, and
welding consumables.

Hot-cracking that occurs during welding is a
significant problem that is encountered in welding
a wide variety of alloys. Such cracking reduces
the weldability of materials and leads to
rejection of welded components. ORNL is
investigating the fundamental causes of hot-
cracking. Solidification behavior and the
evolution of the weld microstructure are being
examined by controlled experiments using highly
characterized stainless stee! single crystals. The
effect of alloying impurities is also being studied
by experiments with controlled additions of
tramp elements. The single crystal studies have
already provided some basic insights into the
development of weld grain structure and
solidification substructures. The principles that
the program has established regarding micro-
structural development and its relationship to hot-
cracking have been applied to improve the
weldability of iridium alloys that are used as
structural containment material for radioactive
fuel in thermoelectric generators for outer
planetary missions.

Thermal history and fluid flow in welds determine
the weld pool ‘shape, solidification behavior, and
structure of welds. This information is critically
needed before predictions of weld microstructure
or properties can be made, yet it is difficult to
obtain experimentally. Weld process modeling is
a powerful tool that provides a means for
obtaining this information. ORNL is developing a
mathematical model that can provide quantitative
relationships between key process parameters,
resultant heat flow and fluid flow in the weld
pool, and the structure and properties of the weld

10 Joining Dissimilar Metals Conference
Proceedings, AWS and EPRI (August 1982).



produced. These relationships can be used to
predict weld pool geometry and, thus, to insure
the reliability of welded joints.

The performance of welds in service at high
temperatures depends on the stability of the
microstructure of the weldment. Microstructural
instability can lead to degradation in weld
properties such as overall embrittlement of
welded structures. Austenitic stainless steels
are used extensively in power plants for high-
temperature service. ORNL has shown that
austenitic stainless steel welds are subject to
embrittlement over a wide range of
temperatures. Causes for this embrittlement
have been identified that should lead to avoiding
degradation of properties through alloy and
process modification. One potential solution that
is being investigated at ORNL is the use of high
energy density processes such as laser and
electron beam welding. ORNL has demonstrated
that these processes can prevent formation of
undesirable and unstable phases such as ferrite in
austenitic stainless steel welds through rapid
solidification effects.

Thick-section pressure vessel steels are
commonly used as components of power plants,
and welding is an integral part of the fabrication
of such components. Conventional welding
processes such as shielded metal arc and
submerged arc welding are commonly used
techniques, but they are time consuming and
expensive. As an alternative to these processes,
the feasibility of electron beam welding of thick-
section steel was examined. Such a process
offers several advantages with regard to cost,
speed, and the elimination of filler- metals. Thick
section (4 to 6 in.) welds have been shown to be
produced successfully with excellent properties.

The BES Welding Science Program also supports
research at Pennsylvania State University, the
Colorado School of Mines, and, until recently, a
successful now-completed program at the
Massachusetts Institute of Technology (MIT).
These university projects collaborate closely
with the work at ORNL.

Researchers at Pennsylvania State University
are concerned with understanding alloy element
vaporization from weld pools since significant
loss of alloying elements during welding can
affect microstructure-property relationships
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and, thus, the integrity of welds. They are
developing a comprehensive theoretical model to
predict from first principles the rate of alioying
element loss and resulting changes in the weld
metal composition.

The research at MIT is also theoretical and is
aimed at developing a comprehensive
mathematical representation of heat and fluid
flow during arc welding. The investigation
addresses a critical issue of two-way coupling
between heat source (welding arc) and the weld
pool.

Finally, the work at the Colorado School of Mines
addresses the important issue of the role of
compositional and microstructural gradients on
weld metal properties and behavior. By the
nature of the welding operation and associated
thermal cycle to which the material is subjected,
a significant gradient in both microstructure and
composition exists in a weldment. This is the
case in the fusion zone, or weld metal, and in the
adjacent heat-affected zone. These gradients can
adversely affect the weldment structure and its
properties and, thus, the integrity of the weld-
ment. The program at the Colorado School of
Mines is characterizing the extent of these
gradients and their influence on the performance
of weldments.

In the area of welding control, a collaborative
project involving MIT and the Idaho National
Engineering Laboratory has focused on developing
the foundation for fully automated gas metal arc
welding. To accomplish that, the research has led
to the utilization in a control system of visual
information about the state of the weldpool.
Current work has implemented advanced
techniques, such as neural nets and fuzzy logic,
for a prototype welding control system which is
capable of learning. Some of the results are
sufficiently advanced to have attracted direct
support by the U.S. Navy.

BES-sponsored welding research has led to a
greater understanding of the relationship between
welding process, microstructure, and properties.
This type of fundamental understanding can lead
to improved production and performance of
welded structures in power plants and other
energy generating systems. However, further
effort is required before a complete
understanding of welding phenomena is achieved.
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Subprograms

Basic Energy Sciences research is
conducted through its five divisions
and the Scientific Computing Staff.

Materials

Sciences

It is well known that materials problems and
limitations often restrict the performance of
current energy systems and the development of
future ones. The goal of Materials Sciences is to
increase the basic scientific understanding of how
matter in the condensed state behaves, what its
properties are under different conditions, how
they relate to structure, and what phenomena are
involved in and govern behavior. This under-
standing is essential to the development of future
energy technologies. Some practical objectives
to which Materials Sciences research ultimately
contribute include:

+ Developing new or substitute materials;

e Tailoring materials to meet design

performance requirements;

e Predicting materials problems and service
life;

« Improving the ability to anticipate and resolve
unforeseen materials problems in advanced
energy systems; and

« Improving the theoretical and experimental
capability to analyze and measure the basic
structure and properties of materials, and
predict the behavior of potentially promising
new materials.

Examples of research accomplishments this past
year include:

1. Record Organiec Superconductor
Transition Temperature

An organic superconductor, based on a copper
containing charge-transfer salt, having the
highest superconducting transition tempera-
ture yet obtained, 12.5K at 0.3 kbar
pressure, was synthesized at Argonne
National Laboratory (ANL). The slight applied
pressure was found to be necessary to
suppress a semiconducting transition at 42K,
thereby giving rise to the superconductivity.
The previous record transition temperature
for an organic superconductor of 11.6K was
also discovered by the same group at ANL.

Surface

2. A New Mechanism for

Diffuslion

A new mechanism for atomic diffusion on
surfaces was discovered. In this new
mechanism, diffusion occurs by a
replacement process between the surface
absorbed atom (adatom) and a substrate
surface atom. The adatom "burrows” into the
substrate surface while a substrate atom
"pops up" onto the surface at another site.
This mechanism is known as a concerted-
displacement process. From a scientific
perspective, the discovery of this new
mechanism implies that metal atom surface
diffusion cannot always be viewed as a single
atom hopping along the surface: The
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discovery also has technological implications
in that processes such as the manufacture of
alloys and corrosion prevention often involve
the incorporation of atoms into a surface.

Birth of Molecular Tribology

~ The first direct measurements of both the

static and dynamic properties of ultrathin
liquid films between two surfaces sliding past
each other have been made. These
measurements mark the birth of molecular
tribology, the study of friction and
lubrication at the atomic scale. The

measurements of the properties of such-

lubricating films, only a few molecular layers
thick, trapped between surfaces, are crucial
for determining the adhesion, friction,
lubrication, and wear characteristics of
engineered surfaces in mechanical systems.
The measurements on the films showed that
the properties are profoundly different from
those of the bulk. Changes were observed in
both static properties such as density and
molecular orientation, and dynamic
properties, e.g., viscosity, shear strength
and molecular relaxation times. Magnitude
difference between films and bulk properties
range up to 10 orders of magnitude.
Interfaclal Force Microscope with
Atomlc Scale Resolution

A new electrostatic force feedback sensor
was developed at Sandia National
Laboratories which has -extended the
sensitivity of the atomic force microscope, a
device used to investigate forces between
two surfaces at an atomic level with atomic
resolution. In this new force feedback sensor
design, the stiffness of the force sensor is
controlled through an electrostatic balancing
force that is, itself, controlled by an
electronic feedback loop. In this approach,
the interfacial force is measured through the
voltage of the feedback circuit. This corrects
problems with instabilities that occurred in
previous microscopes when the sensor tip
approached the test surface. The new
stability permits measurements from large
separations down to within an atomic
diameter of the test surface.

Double Rotatilon Nuclear

Resonance

Magnetic

A new approach to the nuclear magnetic
resonance (NMR) technique led to the
invention and development of the double
rotation method at the Lawrence Berkeley
Laboratory. The results permit the NMR
investigation of solid materials with
resolutions approaching those obtained for
liquid samples. Line broadening has long
inhibited the application of NMR to solid
samples; the constrained motion of the atoms
in solids produce non-symmetric interactions.
The so-called magic angle spinning developed
in the 1950's partially solved the problem of
line broadening in solids for atoms with
spherical nuclei. However, many nuclei of
technological importance are not spherical.
The new technique solves this problem by
spinning the sample around two
mathematically defined axes. Two separate
approaches have been taken; one involves the
simultaneous spinning of the sample about the
two axes, the second involves a rapid
sequential spinning about first one then the
second axis. Both are found to work. The
technique has already attracted widespread
attention and interest.
New Hydrogen-Defect Center |In
Galllum Arsenide

A new defect center was discovered in the
compound semiconductor gallium arsenide
which is formed by the binding of a hydrogen
atom impurity to an arsenic atom. Hydrogen
ion bombardment is presently used to produce
electrical and optical isolation in gallium
arsenide integrated circuits, but the
degrading role of this defect center was not
understood. The arsenic-hydrogen defect
center was observed by infrared vibrational
spectroscopy following implantation of
hydrogen ions at cryogenic temperatures.
The hydrogen bonding was demonstrated
through a shift in the absorption frequency
upon isotopic substitution of the deuterium
isotope of hydrogen, whereas the role of
arsenic was deduced from observations of a
similar arsenic-hydrogen center in indium
arsenide. The arsenic-hydrogen center



becomes unstable at temperatures above
250K, giving way to a previously known
gallium-hydrogen center.

Self-Segregation In Multlcomponent
Technological Ceramics

Scientists at the Oak Ridge National
Laboratory have shown that when a totally
random mixture of two different granular
materials have sufficiently different sizes,
shapes, or other physical properties,
segregation of the components can occur
during certain types of processing of
technological materials. If a random mixture
is poured into another container, the
nonlinear dynamics of the granular flow leads
to the almost total segregation of the two
constlituents. The final distribution of the
granules in the new container shows a
concentration of the more mobile constituents
at the bottom and the periphery of the pile
with the less mobile species near the center
and top. The flow of granular material
composed of more than one type of
constituent is common in material
preparation, especially in technological
ceramics. Typically, various materials are
mixed in one container and then poured into
another for sintering. Self-segregation under
such conditions can significantly affect the
final form of the treated material. In fact,
such self-segregation, experimentally
observed, led to the modeling effort and
subsequent explanation of the phenomenon.

Chemistry Provides Clues to Avolding
Stress-Corrosion-Cracking of PWR
Cladding

Recent results strongly suggest that carbon
can greatly reduce the stress-corrosion
cracking in pressurized water reactor (PWR)
cladding through the formation of very stable
carbon-centered zirconium cluster iodides.
The experiments resulted from predictions
made three years ago at the Ames
Laboratory. PWR fuel elements from the
Chalk River nuclear research complex in
Canada are composed of a graphite-uranium
dioxide dispersion where the graphite was
believed to act as a lubricant. The
experiments showed that mixtures of
cladding materials such as zirconium with

10.
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graphite and iodine reacted at 320 °C, a
representative inner wall temperature of a
PWR fuel system in operation to form the
carbon-centered zirconium iodides as
predicted. These cluster carbides were also
detected in a burned fuel rod. Experiments
are underway to extend the observations to
working systems which are typically too
radioactive to examine easily. This work
should lead to a new understanding of the
role of graphite dispersions in reducing
stress-corrosion cracking of the cladding in
PWR fuel rods and, ultimately, to new rod
designs.

High Purity Ceramlc Oxide Crystal
Growth Using a Contalnerless Plasma
Process

A process for the growth of high purity
ceramic oxide crystals at temperatures
greater than 2000 K has been developed.
This process uses an inductively coupled
plasma, which has the advantage of
providing sufficient heat to melt materials
with high melting temperatures and is
essentially containerless, ensuring a high
purity crystal. Video imaging and computer
feedback control provide real-time control
of the process. Key to the control of the
process is the understanding of the
interrelationships among the various
process variables; the most important of the
process parameters is the position of the
crystal within the plasma and the powder
feed rate. The use of real-time video
monitoring coupled with computer controlled
crystal motion has allowed precise
positioning of the crystal such that a shape
preserving crystal growth can be
maintained. .

Embrittlement of |Intermetallics;
Significance of Alloy Additions

Results from the University of Illinois
Materials Research Laboratory have shown
that the addition of boron to the
technologically important intermetallic,
nickel aluminide dramatically improves the
crack-resistant properties of the material.
The reaction of the intermetallic, with and
without boron, to stresses is extensive
plastic grain flow; dislocations pile up
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against the boundaries forming local stress
concentrations. It was shown in this work
that when boron is segregated to grain
boundaries, the grain boundary s
strengthened sufficiently to allow the stress
concentration to be relieved by initiation of
dislocation generation in the adjacent grain.
In the absence of boron, the response of the
grain boundary to the stress -concentration
is crack initiation, which then propagates
along the grain boundary leading to
premature intergranular fracture.

Superplastic Behavlior in
Nanocrystalline Titanlum Dioxide

For the first time, a fully densified
nanophase ceramic, titanium dioxide, has
been synthesized and several of its
mechanical properties measured. Methods
have been developed at the University of
Hlinois Materials Research lLaboratory to
synthesize dense ceramic materials with
grain sizes of 10-15 nm using nanophase
processing. The technique permits the
synthesis of nanophase ceramics that can be
fully densified while still retaining their
ultra-small grain size. Stress-strain rate
measurements have been made. Preliminary
analysis of the grain size dependence and
stress exponents suggests that in such ultra-
fine grained materials as these nanophase
ceramics, diffusional creep may be limited
by the efficiency of sources and sinks of
point defects in the grain boundaries rather
than the mobility of defects, as previously
assumed. This work also demonstrates, for
the first time, that nanophase ceramics can
be superplastically deformed to close to the
final shape in a single step and that the
unique microstructure of nanophase
materials provides a means to investigate
deformation mechanisms.

Direct Observation and Control of a
Precipitate Shape Transformation

The first direct observation of a controlled
and reversible, solid-state precipitate shape
transformation was made using the high
penetration and hot stage of a 1.5 million
volt high voltage electron microscope
(HVEM). Small germanium precipitates in an
aluminum matrix were found to undergo a
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reversible transformation from a strongly
faceted to a rounded shape during
temperature cycling. The observations
demonstrated, for the first time, that it is
possible to change the shape of a given type
of precipitate from an extremely anisotropic
shape -- an octahedron, bounded by eight
triangular faces -- to a completely isotropic
shape, a sphers. Furthermore, by rapid
cooling, different shapes can be stabilized.
The strength of lightweight, high-
performance alloys such as those used in
aerospace and automobile applications
depends on the shape and coherence of
inclusions and precipitates to the matrix.

Basis of Toughness Enhancement
Shown for Sillcon Carbide Whisker/
Alumina Ceramic Composites

Mechanical interlocks between surface
serrations on silicon carbide whiskers and
an amorphous silicon dioxide film on the
surface of the whiskers were shown to be
the microstructural basis of toughness in
silicon carbide whisker-alumina composites.
Detailed observation of the interface with
high resolution electron microscopy (HREM)
showed that the interface affects the
toughnes